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ABSTRACT 
A process wa.s investigated whereby a straight length of cylin-
drical tubing was formed into a 90° elbow with a sharp bend radius . 
This was accomplished by applying hydraulic pressure to the tube in-
serted in a suitable die. An upper-bound analysis to determine the 
required pressure as a function of strength and geometry was obtained. 
The equipment was designed using the results of the analysis as design 
criteria. The equipment was built and performed as predicted. Other 
configurations where high internal pressure is beneficial in producing • 
products of complicated shapes are introduced. 
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ABSTRACT 
A process was investigated whereby a straight length of cylin-drical tubing was formed into a 90° elbow with a sharp bend radius. 
This was accomplished by applying hydraulic pressure to the tube in-
serted in a suitable die. An upper-bound analysis to determine the 
required pressure as a function of strength and geometry was obtained. The equipment was designed using the results of the analysis as design 
criteria. The equipment was built and performed as predicted. Other 
configurations where high internal pressure is beneficial in producing 
• 
products of complicated shapes are introduced. 
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INTRODUCTION 
The object of this work was to develop an analysis and working process for forming "sharp" (zero bend radius) corners in thin wall tubing. This was to be accomplished with no tearing, buckling or 
other failure of the tube. 
,J 
In the method dealt with here, an upper-bound solution for the process was found. This solution predicts the required relative pressure as a function of the process geometry. The results of the analysis were used as data for the equipment design. It has been • 1,2,3 shown that by using internal pressure and external tractions, 
·thin-walled tubes could be formed to a right angle with virtually a 
zero bend radius. The process developed here differs slightly from this process in that no external tractions are applied. All of the 
necessary power and forces are supplied by hydraulic pressure. 
The equipment was built to verify the analysis and to demon-
strate the use of pressure in a difficult metalworking process. It is an experimental mechanism and was not designed for producing tubes in quantity. The mechanism consists of two almost identical die blocks (Figs. 1 and 2). A cylindrical tube is placed in the 
. bore of the mated die blocks and then subjected to internal pressure and axial force. The internal pressure forces the top block to 
slide along the mating surface. This motion causes the cylindrical 
volume occupied by the tube to asatane a ''Z'' shape (Fig. 3). The 
I 
l 
I 
•."·,, •. ,,,_,. ,--,.,,,\>,"• 
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applied forces and pressure force the tube to flow and conform to 
this shape. 
·-·;..j 
.. 
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RESULTS 
As illustrated in Figure 4, the process works as expected and produces a sound product. The upper-bound equation for the relative pressure is 
2 p 2tana Ri mL ARpR --- = l 
- - + + R 2 
ao /3 Ro /3Ro ' O'O TT o 
where the relative pressure is that required for a steady state deformation. The derivation may be found in the appendix. 
(1) 
If we consider the first term only (Figure 5), we can plot the relative pressure as a function of the relative wall thickness (Ri/R0 ). A family of curves is generated by assigning values for the angle of deformation (B). By knowing the flow stress (cr0 ), 
r relative wall thickness (R1/R0 ), and the geometry given by the bend angle (e), one can predict the required pressure from the graph. 
A sound product was formed with a pressure lower than expected. This was accomplished after minor modifications to the equipment. The only observable change was in the wall thickness. There was a 
uniform 10% reduction in the formed regions. A more thorough cover-age of wall tbicknea1 control will be found in the discussion section • 
. , 
I 
I 
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DISCUSSION 
The experimental work was limited in that a single type of 
tubing was used along with one die set. The tube was annealed 3003 aluminum with a length (L) of six inches, a nominal outside diameter of one inch and a wall thickness of 0.049 inches (Ri/R0 •0.902). The die set was not variable. 
With the geometric parameters fixed, the solution may be repre-sented graphically (Figure 6). 'Ibis representation has a family of curves generated by giving specific values to the friction parameter, m. ,The friction parameter is handled as constant shear where O<m<l. This graph assumes that there is no restraint force. The restraint force (last term in the equation) is that force opposing the eliding motion of the die blocks (Figure 7). 
The equipment was capable of operating at pressures up to 10,000 psi. Since the flow stress (o0 ) was fixed by the choice of 3003 
aluminum as the experimental material, an upper limit of, approxi-
mately, m = 0.13 was found. That is, for the process to work as defined and predicted, them value for friction must fall below 0.13. A greater friction value could be accommodated if the equipment was capable of higher pressures. 
I 
_) 
The power required to form the tube is the same whether the power is supplied by the internal pressure alone, axial force alone, or some combination. Several attempts were made to form lubricated 
I 
I 
I 
II 
\1 
,. 
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tubes subjected to internal pressure only. All of these tubes 
exhibited a tearing failure (Figure 8). Thie type of failure 
required lees energy than sound flow because the tube did not slide in the bore and there was no resulting power loss from the sliding friction. 
By placing a plug in one end of the tube the axial force was increased. Before the pressure was applied, the open end of the tube and the bore were filled with oil and the bore sealed. Internal p~essure was generated by the applied pressure on the plug forcing the tube-plug assembly to slide in the bore, compressing the en-trapped oil. When the applied pressure had generated sufficient axial force and internal pressure, the top die block moved and the tube was formed. Every attempt using the sliding plug was successful. ,Although the power required was the same as using internal pressure alone, the increased axial force made sound flow energetically favor-able over tearing. By using axial force alone, sound flow was re-placed by a buckling failure. 
Even though no piston was used, the restraint force was not zero. The friction between the die blocks and between the bearing plates generated a relative restraint force of 0.06. This was calculated 
'from the flow stress (a0 ) of the material (9.2 ksi, Figure 9) and the pressure required to move the die blocks without a blank in them. The relative pressure was calculated a1 0.28. By subtracting 
.the relative restraint force of 0.06 a p/a0 of approximately 0.22 vae 
I ,, 
' 
I 
I 
•. 
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obtained. 'lbis is the relative pressure required to cause deformation 
of the tube. From Figure 10, it is seen that the value of m when p/o0 • 0.22, is of the order 0.01. Thie is the only experimental point available at this time and it satisfies the requirements of the 
upper-bound analysis. 
A hardness traverse was performed on the non-deformed region, 
around a corner and then along the deformed wall (Figure 11). Tile 
tube was split along its plane of eynmtetry. The average (10 readings) 
along the non-deformed wall was 49 Knoop (1 Kg load). 'lbe average for the deformed region (12 readings) was 81 Knoop. This latter value is 
approximately equal to 62 Brinell (500 kg - lOnnn ball). This is 4 slightly harder than the published value for 3003-Hl8 aluminum. 
That region of the tube forced to flow over an exterior corner 
of the die ."originally exhibited a slight failure of the fishskin 
type. A polishing of the die corner (~0.015 inches) and the die 
channel eliminated this defect. 
The only other "defect" was the previously mentioned wall thin-
ning. The formed sections of the tube consistently had a uniform 
.. 
l0% reduction in wall thickness. When excessive restraint force was 
applied along with a high axial load and sufficient internal pressure, 
a slight thickening of the wall was noticed. By use of the proper forces and pressures, the wall thickness can be controlled. 
It was determined that, if the process parameters were correct, the only lubricant needed was a light (SAE 30 wt.) oil. This oil was brushed over the tubular blank prior to insertion in the die blocks. 
:., 
·' 
-8-
EQUIPMENT 
The design procedure for the equipment was unusual in one respect. The necessary strength and pressure requirements were obtained from the upper-bound solution. In the past, the upper-bound solution was obtained in order to optimize an already existing process. In this instance, the product was defined first. Then came a possible technique of forming the product. Tile upper-bound solution to this process was then used to define the equipment parameters. Since the solution is in relative terms, it was necee-
1 
sary to choose a material. By including the material's constants in the analysis (see appendix for analysis), specific forces and pressures were defined. These values became design criteria. The equipment consists of three major parts: the die block, 
-hydraulic pressure source, and containment mechanism. 
The die blocks are each machined from a single piece of air-hardening tool steel. The two blocks are almost identical and are mating blocks. Basically, the two blocks have a vertical, honed bore capable of being sealed at one end. 'Ibis bore discharges, at the mating surface, to a semi-cylindrical concavity. 'nlis concavity proceeds from the bore to one end of the block. From the other end of the block to the bore, there is a semi-cylindrical convexity. The sizes are such that the convexity of one die block fits into the concavity of the other block with .002 to .004 inches of clearance. When the bores of the top and bottom blocks are aligned, there is a 
-9-
cylindrical hole completely through the blocks. As one block moves 
relative to the other, the passage becomes two vertical bores joined by a cavity of circular cross-section. This cavity is of the same 
nominal diameter as the bores and is perpendicular to them. Thia 
motion results in a "z 11 shaped cavity within the blocks. The upper-bound solution, and the process, are not limited to right angles. However, one set of dies is needed for each angle and each outside diameter. 'nle blocks were designed to contain a working pressure of 10 Ksi. Thie permits them to be used for similar tubes of greater 
wall thickness, and identical tubes of greater flow stress (a
0 ). The hydraulic pressure source supplies all the power required by the process. It is a connnercial unit and is rated at 10 Ksi working pressure. Because of the low volume of oil required, an air/hydraulic intensifier system was selected. This unit allows the application of any pressure between 800 psi and 10 Ksi to the die unit. Flow and forming rate may be controlled by a needle valve in the high pressure 
oil line or by an air throttle in the air supply to the pump unit. The pressurized oil is supplied to the die blocks by a flexible, re-inforced rubber hose. 
The containment mechanism must keep the die blocks together under pressure and allow for relative displacement. At maxinrum displacement 
and pressure, there is a 20,000 lb. force acting to separate the blocks. The interface between the top die block and the mechanism consists of two hardened and ground steel bearing plates. One plate is attached to 
( 
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the top die block while the other is attached to the mechanism. 
This plain bearing keeps the bearing pressure low (p<l,000 psi) and 
allows the two inches of displacement needed. 
Tite containment mechanism is a modified die-shoe set. This con-
sists of two 2 inch thick steel plates with guide pins in the 
corners of the lower plate and matching bushings in the upper plate (Figure 12). Four coil wound springs are employed to support the 
upper plate. Tileir length and spring constants are such that the plate is supported by the springs when it clears the top die block by one half inch. After the loaded die is inserted between the 
plates, the upper plate and bearing are moved down until they con-
tact it. This is achieved by three tie bolts. These bolts also keep the plates from separating under load. 
Both the top and bottom plates have a large I-beam bolted to 
them. This beam is to keep the plates rigid. It was calculated that 
under maximum load these beams would allow only .002 inches deflection. This was necessary to insure proper working of the plain bearing. 
These three sub-assemblies are contained and supported by a 
steel framework covered with sheet steel (Figure 13). The steel 
sheathing acts as shielding for the high pressure unit. In addition, 
a steel shield is placed around the die blocks before the unit is pressurized (Figure 14). 
·, 
-11-
PROCEDURE 
The die blocks are removed from between the die shoes and 
placed upside down on the front of the stand. They should be 
aligned such that the bore is clear all the way though. 
A tube is selected and lubricated. In one end of the tube is placed the appropriate hollow slip plug·. In the other end is placed the appropriate solid slip plug. This assembly is now inserted into the previously aligned die blocks, hollow plug end first. It is pushed in until the solid plug clearethe oil entry port, The bore 
above the plug is then filled with hydraulic oil and the block sealed 
with the end plug. 
After righting the die-tube assembly, the tube and bore are filled with oil through the hollow slip plug. The amount of oil between the top of the slip plug and the top of the honed section of 
the bore determines the preload. The quantity of oil should be such, for 3003-0, l.O'' x .049'' aluminum, that screwing in the end plug 
causes the_dies to separate by approximately one-eighth inch. After 
the end plug is tight, the bearing plate is placed over the dies. The plate is lubricated and the entire assembly slid against the 
_, 
locating pins in the bottom die shoe plate. 
After aligning the die unit with the pins, the top die shoe must be lowered so that the bearing plates make contact. This is accom-plished by compressing the springs with the tie bolts. At one end of the die sloe ia a pair of tie bolta. These bolts should be tightened 
-:1.2-
' 
to approximately 5 ft-lbs of torque. 'file single bolt at the opposite end should be tightened to approximately 10 ft-lbs. After the bolts are snug the shield is placed around the unit. 
The pressure desired is obtained by closing the chamber and re-lease valves and opening the supply and main air valves. Tite air throttle may be opened and the regulator adjusted until the desired pressure is achieved. Tile air throttle is now closed and the release valve opened. After the pressure is released, the chamber valve ie opened and the release valve closed. When the air throttle is now opened, the preset pressure will be applied to the die unit. When equilibrium has been reached, the throttle is shut off, the regulator set to zero, release valve opened, and the system allowed to reach zero pressure. The shield is then removed and the assembly process reversed. It is necessary to separate the die halves in order to remove the formed tube. 
. ' 
I 
l 
' 
'+ 
.1 
CONCLUSIONS AND RECOMMENDATIONS 
The upper-bound approach is eminently suited for use as a process design tool. With the upper-bound approach a process may be developed without excessive prototype experimentation. By defin-ing the process with a mathematical model, and using this model to design the actual equipment, the process can be expected to work on the first attempt. 
It was also demonstrated here that the application of pressure 
can make the di_fference between success and failure in difficult 
metal forming p·rocesses. It would be impossible to make this product by a "normal'' metal forming technique. 
Although the analysis given was sufficient, several changes 
should be incorporated for future work on this problem. The analysis, as given, predicts the relative pressure required for successful forming. The parameters for the various possible failures should also be incorporated in the analysis. This would allow one to define 
''safe zones'' for the process. These zones are the parameter value 
ranges where no failure is expected. 
By proper choice of the axial to internal pressure ratio, and the restraint force,.wall thickness changes can be controlled. By forcing ,the wall to become thicker while deforming, it would be possible to compensate for the decrease encountered. Thie, too, 
should be added to the analyaia. 
• 
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Rather than making an elbow with a bend at one end, a longer tube driven from both ends would allow two elbows to be obtained from a single blank. As friction was not a limiting factor with the addition of the axial force, a change in die material would be indi-cated. Instead of air hardening tool steel, an 18% nickel maraging would be preferred. A die unit of low alloy steel with various inserts would be more useful. This would allow the radius of bending to be changed at will and wear could be compensated for quite easily. This particular process is not limited to 1.00'' O.D. aluminum tubing; it may be applied to any alloy and shape (square or hexagonal tube) for which dies can be made. 
The use of internal pressure allows one to form materials in shapes that are difficult or impossible to achieve without it. Several processes suggest themselves; some of these are being worked with already. 
By restricting the deformation bo the walls and by application of suitable axial and internal forces, the tube wall can be forced to thicken (Figure 15). Such a technique would allow flanges to be formed on the ends of thin wall tubing. 
Use of internal pressure as the punch or the die would allow one to punch complex holes in the walls of tubes quickly and neatly. This same technique allows the tube to be formed into a closed die 5 .prior to, or simultaneously with, the punching. 
By appropriate die design, along with internal pressure and axial loading, a ''tee" could be formed from a length of tubing (Figure 16). 
... 
! 
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The most important result from this study has been the vindica-
tion of using the upper-bound analysis as an equipment design tool. 
It is apparent that a great deal of time and effort may be saved by 
the application of a theoretical analysis to design an actual process. 
~-
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APPENDIX 
An Upper-Bound Equation for Tube Forming 
The forming consists of making two bends in a uniform, cylindri-
cal tube. The tube material is assumed to be Mises' material. 
In t-his process, the power required is supplied by pressurizing 
-
the tube interior and by applying an identical pressure to the ends 
of the tube. Figure 17 gives the definitions of the variables used in 
the derivation. Tiie angle through which the tube is bent from its 
original (straight) configuration is the common method of dimertsioning 
a bend. Here, this angle is denoted by 28 • It is common practice 
for the tube bend radius to have a radius of the order of 3 to S 
times the tube's outer radius (Ro) . In the described process the 
bend radius is approximately zero. This bend is a "sharp" bend. 
From the assumed mode of defonnation (FigurelB), we see that the 
• shear surfaces CWs) are sections of the tube not normal to the axis 
of the tube. These sections are elipses. The area over which this 
shear occurs is determined as follows: 
From Figure 17 
R 
0 
8 1 • cos8 
R. 
1 82 • cos8 
-/ 
·- 31 -
Since the area of elipse • abTr, any 15 
R 2 R. 2 
Al 0 A2 1 1T - - cose cos8 • 
The actual area undergoing internal shear (~) is equal 
to A1-A2. This is the surface of velocity discontinuity. 
TI' 
Ar= cos8 
• Power dissipation, internal shear, W5 
For a Mises Material, 
From Figure 19, 
a 
0 t. -
fl 
• 
ws • 2U sine 00 J ds, J els• Ar 
fl s s 
:-:· • 
11'0 2Utan8 (R 2 -R. 2 ) 
• 0 0 1 
w ~----------s '3 
However, there are two such surfaces; 
• 4m, Utane (R 2-R. 2 ) 
• 0 0 1 w • ________ ......, ___ _ 
s '3 
.,. 
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Two other power losses are considered; the friction between 
the tube and the die, a restraint force • 
Where 
• Friction power losses, Wf 
From Figure 18, 
= 2nR L 
0 
L is the length of the tube, assume 
ma 
0 
• Restraint loss, WT 
• U 21TR L 
0 
.,. 
0 
T • --
The restraint is considered to be a hydraulic piston of area 
experiencing pressure pR • 
• External power, W 
e 
The external power has two sources, the pressure acting on the 
interior and on the ends of the tube • 
• W = F ~v e 
From Figute 20 it is seen that, 
W • pR. 2 w2U + 2 (WR t. R 2 ) pU e 1 o i 
-----·--........... ·, --- . -·--·- '. ····------.,-... ~.,. 
-~. 
., 
., 
'Ibe upper-bound theorem states that the power supplied equals 
the power consumed, or 
( 
• 4'1Td Utan8 (R 2 -R. 2 ) 
• 2 0 0 1 2UpwR = ----------------------0 t'3 + 
• 
11X1 U 2'1TR L 0 0 
which reduces to 
• 
R. 2 
AR PR L 2 tan8 
·1 1 rnL -
- + + o irR 2 ao t'3 R t'3 R 0 0 0 0 ' 
This is the general upper-bound equation for this process. 
.• 
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